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Abstract
Astrocytes undergo rapid activation after injury, which is mediated in part by the transcription
factor NF-κB. Consequently, activated astrocytes have been shown to induce the NF-κB regulated
phagocyte NADPH oxidase (PHOX), resulting in elevated production of reactive oxygen species
(ROS). We investigated the regulatory mechanisms of PHOX-induced oxidative stress in
astrocytes and its non cell-autonomous effects on retinal ganglion cell (RGC) loss following
retinal ischemia-reperfusion (IR) injury. To study PHOX activity and neurotoxicity mediated by
glial NF-κB, we employed GFAP-IκBα-dn transgenic mice (TG), where the NF-κB canonical
pathway is suppressed specifically in astrocytes. Our analysis showed that NF-κB activation in
astrocytes correlated with an increased expression of PHOX and ROS production in primary cells
and whole retinas subjected to oxygen-glucose deprivation (OGD) or IR injury. Selective blockade
of NF-κB in astrocytes or application of NADPH oxidase inhibitors suppressed RGC loss in co-
cultures with astroglia challenged by OGD. Furthermore, genetic suppression of astroglial NF-κB
reduced oxidative stress in ganglion layer neurons in vivo in retinal IR. Collectively, our results
suggest that astroglial NF-κB-regulated PHOX activity is a crucial toxicity pathway in the
pathogenesis of retinal IR injury.
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Introduction
Astrocytes function as regulators of critical physiological functions, including glutamate
uptake and release, synapse formation, ion homeostasis and information processing in the
central nervous system (CNS) (Janzer and Raff 1987; Pfrieger and Barres 1997; Schousboe
and Divac 1979; Schummers et al 2008). As a consequence of injuries, such as ischemia
reperfusion (IR), astrocytes become activated, proliferate, produce pro-inflammatory
cytokines and chemokines and reactive oxygen species (ROS) (Reinehr et al 2007; Tezel
and Wax 2000; Uno et al 1997). Astrocyte activation initiates both protective and neurotoxic
pathways, and is increasingly associated with worsened outcomes in the injured CNS
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(Abramov and Duchen 2005; Faulkner et al 2004; Fernandez et al 2007; Toft-Hansen et al).
Recently, the transcription factor Nuclear Factor-kappaB (NF-κB) was shown to be essential
for the post-injury response in astrocytes and suggested as a therapeutic target following
injury (Brambilla et al 2005; Brambilla et al 2009; Quinones et al 2008).

NF-κB is a family of ubiquitously expressed transcription factors that control the expression
of hundreds of genes involved in inflammation, immune cell activation and cell survival
(Papa et al 2004). Recently, it was shown that mice with impaired signaling of the canonical
NF-κB pathway in cells expressing GFAP have improved functional recovery after both
experimental autoimmune encephalomyelitis and spinal cord injury (Brambilla et al 2005;
Brambilla et al 2009). This is a well-characterized transgenic (TG) mouse model with
selective suppression of aNF-κB through the expression of a truncated, degradation-deficient
form of IκBα under the GFAP promoter (Brambilla et al 2005). Significantly, the
suppression of NF-kB activation in these animals is increased proportionally to the
activation of the stress-responsive GFAP promoter. This mouse line has previously been
shown to inhibit activation of the NF-κB heterodimer p50/p65 specifically in astrocytes,
leaving neuronal NF-κB unaffected (Brambilla et al 2005). The expression of the transgene
is limited to astrocytes and non-myelinating Schwann cells and was not found to be
expressed in tissues outside of the nervous system. Neither behavioral tests (i.e. open field
and grid walk tests; proprioceptive and visually elicited reflexive placing of hind or
forelimbs, forelimb grip strength assessment, balance beam test), nor retinal histology (RGC
density assessment) revealed any phenotypic abnormalities caused by genetic manipulation
in TG mice (Brambilla et al 2005; Dvoriantchikova et al 2009). Using this mouse model,
our own group has demonstrated that inhibition of astroglial NF-κB (aNF-κB) in retinal IR
injury provided significant protection of neurons in the ganglion cell layer (GCL)
(Dvoriantchikova et al 2009). However, the mechanism by which aNF-κB mediates toxicity
after CNS insults has not been determined.

Oxidative stress is a major facet of ischemic injury and is implicated in neuronal death
following experimental IR injury (Chen et al 2009; Raz et al ; Yoshioka et al). Previously,
we found that suppression of aNF-κB correlated with decreased oxidative stress and the
expression of the superoxide producing enzyme: phagocyte NADPH oxidase (PHOX)
subunits (Dvoriantchikova et al 2009). We explored the hypothesis that the activation of
aNF-κB after retinal IR induces oxidative stress and facilitates neuronal injury by regulating
PHOX activity. PHOX is an enzyme composed of the cytosolic regulatory subunits
p47PHOX, p67PHOX and p40PHOX and the plasma membrane subunits gp91PHOX and
p22PHOX, which heterodimerise to form the catalytic complex cytochrome b558. Upon
stimulation, the cytosolic subunits associate with cytochrome b558 along with the small
GTPase, Rac1. Once assembled, the functional enzyme utilizes electrons from NADPH to
reduce molecular oxygen to the free radical superoxide. It has been reported that excessive
activity of PHOX can lead to oxidative damage and cell death (Li et al ; Park et al 2007).
PHOX is expressed by astrocytes and neurons, and has been implicated in the pathogenesis
of IR injury (Abramov et al 2005; Chen et al 2009).

The purpose of this study was to evaluate the mechanisms by which aNF-κB facilitates
enhanced ROS production, oxidative stress and cell death in retinal IR injury. Analysis of
cell death in vitro showed a direct toxic effect of aNF-κB on both astrocytes and co-cultured
neurons. Retinal IR injury caused enhanced ROS synthesis, DNA and RNA damage in
retinal neurons, which was blocked by genetic suppression of aNF-κB. Overall, our results
reveal a pivotal role for aNF-κB in retinal IR injury and support a model where aNF-κB-
regulated activity of PHOX represents a major source of ROS and cytotoxicity in the post-
ischemic retina.
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Experimental Procedures
Animals

All experimental procedures were performed in compliance with the NIH Guide for the Care
and Use of Laboratory Animals and according to the IACUC approved protocols. GFAP-
IκBα-dn transgenic mice were generated on a C57BL/6 X SJL background and backcrossed
to wild type C57BL/6 mice for at least 16 generations to establish transgenic lines
(Brambilla et al 2005). All animals used in our experiments were 3-month-old male mice or
early postnatal pups (7–10 days), obtained by breeding heterozygous GFAP-IκBα-dn males
with WT females. C57BL/6J-Ncf1m1J/J animals, which lack functional expression of
p47PHOX protein were obtained from The Jackson Laboratory. WT littermates were used as
controls.

Cell cultures
To obtain primary retinal ganglion cells (RGCs), early postnatal mouse pups were
euthanized, eyes were enucleated, and retinas were mechanically dissected out. RGCs were
isolated by the two-step immunopanning method (20). Briefly, whole retinas were digested
in papain (8.25 U/ml, Worthington Biochemicals, Lakewood, NJ). Then, macrophages and
endothelial cells were removed from the cell suspension by panning with anti-macrophage
antiserum (Accurate Chemical, Westbury, NY). The RGCs bound specifically to the
panning plates containing anti-Thy1.2 antibody and were released by incubation with
trypsin. RGCs were grown in Neurobasal/B27 media (Invitrogen, Carlsbad, CA) containing
L-gluatmine (2mM), sodium pyruvate (1mM), insulin (50ng/ml), SATO supplement, tri-
iodothyronine (1ng/ml), forskolin (10ng/ml), brain derived neurotrophic factor (50ng/ml)
and ciliary neurotrophic factor (10ng/ml). For RGC-astrocyte co-cultures, a monolayer of
20,000 astrocytes was plated into 96 well plastic tissue culture plates; 24 hours later, 10,000
retinal ganglion cells were plated on top of the confluent astrocytes. Experiments were
performed two days after plating RGCs.

Cortical astrocytes were obtained by the “shaking method” as previously described
(McCarthy and de Vellis 1980). Briefly, mouse cortices from early postnatal pups (2–5
days) were dissected and digested for one hour in papain (20U/ml). The digested tissue was
triturated and plated onto plastic dishes in Dulbecco’s Modified Eagle Medium containing
10% fetal bovine serum and L-glutamine. After growing cells to confluence (approximately
ten days) they were shaken overnight, washed thoroughly and tested for microglia
contamination by immunostaining for the microglial marker CD11b. Cell cultures were
approximately 90–95% GFAP positive cells; CD11b-positive cells were typically less than
2% of all cells (Suppl. Fig. S1).

Oxygen and glucose deprivation
Hank’s balanced salt solution (HBSS) containing 1.26 mM calcium chloride, 0.493 mM
magnesium chloride, 0.407 mM magnesium sulfate, 5.33 mM potassium chloride, 0.441
mM potassium phosphate monobasic, 4.17 mM sodium bicarbonate, 137.93 mM sodium
chloride, 0.338 mM sodium phosphate dibasic, and 10 mM HEPES was bubbled with 95%
N2/5% CO2 for 15 minutes for deoxygenation. Growth media was removed and cells were
washed twice with HBSS and then deoxygenated HBSS was added. Astroglial primary
cultures were then placed in a hypoxic chamber with 95% N2/5% CO2 entering the chamber
until the oxygen tension reached 0.5%. Cells were maintained in the hypoxic chamber for 4
hours and the media was replaced with fresh growth medium and returned to a normoxic
humidified CO2 incubator. To assess changes at the gene expression level, cells were
sampled within 12 hours after the return to normoxia; a 24 hour time point was used in the
experiments assessing cell death.
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Preparation of conditioned media
Primary astrocytes were plated in 12 well plates and allowed to reach confluence. Growth
media was removed and cells were washed twice with glucose free HBSS or HBSS
containing glucose in control cultures. Astrocytes cultures were then incubated for four
hours in a hypoxic chamber, controls were incubated in normoxic conditions with glucose.
The conditioned media was then collected, supplemented with 10mM glucose and used
immediately for neuronal treatment.

Transient retinal ischemia
Retinal ischemia was induced for 60 minutes by introducing into the anterior chamber of the
eye a 33-gauge needle attached to a normal (0.9% NaCl) saline-filled reservoir raised to
increase intraocular pressure (IOP) (IOP increased to 120 mm Hg). The contralateral eye
was cannulated and maintained at normal IOP to serve as a normotensive control. Body
temperature was maintained at 37 ± 0.5°C. Complete retinal ischemia, evidenced by a
whitening of the anterior segment of the eye and blanching of the retinal arteries, was
verified by microscopic examination.

Real-time PCR: Real-time PCR
Real-time PCR analysis was performed using gene-specific primers. For ActB forward:
CACCCTGTGCTGCTCACC, and reverse: GCACGATTTCCCTCTCAG; p47PHOX

forward: CGAGAAGAGTTCGGGAACAG and reverse: AGCCATCCAGGAGCTTATGA;
p67PHOX forward: CTTCAACATAGGCTGCGTGA and reverse:
CTTCATGTTGGTTGCCAATG; p40PHOX forward: TCAGAGAGCGACTTTGAGCA;
and reverse: GTTTTGCGCCATGTAGACT; p22PHOX forward:
AAAGAGGAAAAAGGGGTCCA and reverse: CTCCTCTTCACCCTCACTCG;
gp91PHOX forward: GACTGCGGAGAGTTTGGAAG, and reverse:
ACTGTCCCACCTCCATCTTG. Total RNA was extracted from astrocytes using Trizol
(Invitrogen, Carlsbad, CA) and reverse transcribed with the Reverse Transcription System
(Promega, USA) to synthesize cDNA. Real time PCR was performed with the Rotor-Gene
6000 Cycler (Corbett Research, Australia) using the SYBR GREEN PCR MasterMix
(Qiagen, USA). For each gene, the relative expression was calculated by comparison with a
standard curve, following normalization to the housekeeping gene β-actin (Actb) as control.

Immunohistochemistry
Cultured cells were fixed in 4% paraformaldehyde solution (PF) in PBS pH 7.4 and blocked
with 10% normal goat serum with 0.3% triton-x 100 in PBS at pH 7.4. Cells were then
incubated with FITC conjugated anti-NeuN (Milipore, 1:150), FITC conjugated beta III
tubulin or anti-active caspase-3 (Cell Signaling Technology, 1:250), which recognizes the
activated, cleaved 17kD form of caspase-3 but shows no specificity to the full length
inactive pro-enzyme. The cells were then incubated with goat anti-rabbit alexafluor546
(Invitrogen, Carlsbad, CA; 1:500) for 1 hour for fluorescence. Negative controls were
incubated with secondary antibody only.

For IHC in flatmounted retinas, eyes were enucleated after euthanasia, incised at the ora
serrata, and immersion-fixed in a 4% PF solution in PBS (pH 7.4) for 1 hour. The retinas
were then removed and cryoprotected overnight in 30% sucrose. The retinas were then
freeze-thawed 3 times and rinsed 3×10 minutes in 0.1 M PB buffer at pH 7.4. DNA in the
retinas was denatured with 2N HCl for 30 minutes, and the retinas were blocked by
exposure to 5% donkey serum, 0.1% Triton X-100 in 0.1M tris buffer (TB) for 1 hour. The
retinas were then incubated overnight with anti-8-hydroxyguanosine (1:1000, QED
Bioscience Inc, San Diego, CA), anti-GFAP (Sigma, 1:400), anti-p47PHOX (1:200), or
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monoclonal FITC-conjugated NeuN antibody (Chemicon/Invitrogen, USA; dilution 1:150).
To label the cells, goat anti-mouse AlexaFluor 546 IgG2a (Invitrogen, Carlsbad, CA; 1:500)
or donkey anti-rabbit 647 (Invitrogen, Carlsbad, CA; 1:500) was applied for 2 hours, and the
nuclei were made visible by addition of Hoechst 3342 (1ug/ml). After washing with 0.1M
TB, retinas were flatmounted and coverslipped. Negative controls were incubated in
secondary antibody only.

Counting NeuN/8-hydroxyguanosine-positive GCL neurons
The DNA/RNA damage was detected microscopically as co-localization of Hoechst/NeuN/
8-OH-guanosine labeling. The stained sections were examined with a Leica TSL AOBS SP5
confocal microscope at 400× magnification under oil immersion (Leica Microsystems, PA).
Individual retinas were sampled randomly to collect 12 quality images of standard
microscopy fields. Images were captured in four retinal quadrants at the same eccentricity
from the optic disc in the central, middle and peripheral retina. The total numbers of NeuN/
Hoechst/8-hydroxyguanosine positive cells with a typical to RGCs size range of 6 to 30 µm
were counted in 4 fields corresponding to each of the three regions after image thresholding
and manual exclusion of artifacts using MetaMorph analytical software (Molecular Devices,
Sunnyvale, CA). A minimum of five animals were analyzed for each genotype or treatment
condition.

Cell death assays
After oxygen-glucose deprivation (OGD), the number of necrotic and apoptotic cells were
determined with the Vybrant Apoptosis Assay Kit #2 (Invitrogen, Carlsbad, CA). The
percentages of necrotic cells (Propidium Iodide (PI) positive or both Annexin V and PI
positive) and apoptotic cells (only AnnexinV-positive) relative to the total number of cells
examined were determined for each of the five non-overlapping randomly selected fields.
For co-culture experiments, cell death was detected by the co-expression of active caspase-3
(Cell Signaling Technology; 1:200) and FITC-conjugated NeuN (Milipore; 1:150) or FITC
conjugated beta III tubulin (Abcam, 1:200) by IHC. The percentage of active caspase-3 and
NeuN positive cells relative to the total number of NeuN positive cells was determined.

Gene knockdown
p47PHOX siRNA or control non-targeting siRNA (Santa Cruz Biotechnology, Santa Cruz,
CA) was incubated with of Lipoectamine RNAiMAX (Invitrogen, Carlsbad, CA)
transfection reagent in individual wells of cell culture plates at a ratio of 10pmol siRNA
duplex: 1.5µL lipofectamine RNAiMAX with a final concentration of 100nM siRNA after
addition of cells and media. siRNA targeting p47 was premade and consisted of a pool of
three target specific siRNAs designed for knockdown of gene expression (Santa Cruz
Biotechnology). Non-targeting control siRNA consists of a 20–25 nucleotide RNA oligomer
with a scrambled sequence that was designed by the manufacturer and will not target any
known cellular mRNAs (Santa Cruz Biotechnology). Primary astrocytes in DMEM
containing 10% FBS were plated into individual wells containing transfection reagent and
siRNA duplex and incubated for 24 hours at 37° in a 5% CO2 incubator then washed and
replaced with growth media. Cell toxicity of siRNA treatment was determined by PI staining
48 hours post transfection. The rate of cell death in siRNA-treated cells relative to media-
only controls was insignificantly different (Suppl. Fig. S2). Less than 1% of cells in control
or siRNA treated cultures were positive for PI labeling.

Western blot analysis
20 µg of protein extract containing protease and phosphatase inhibitors cocktail were loaded
into precast 4–12% Bis-Tris gels (Invitrogen, Carlsbad, CA) and the proteins were size-
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separated by SDS-polyacrylamide gel electrophoresis. Proteins were transferred onto PVDF
membranes (Invitrogen, Carlsbad, CA) and incubated with anti-gp91PHOX (BD
Transduction Laboratories, 1:1000), anti-p47PHOX (Santa Cruz Biotechnology, 1:500), or
anti-β-actin (Sigma, 1:2500), anti-phospho p47PHOX (Assay Biotechnology; 1:1000).
Proteins recognized by the antibodies were made visible by the SuperSignal West Femto
Maximum Sensitivity Substrate from Pierce according to manufacturer instructions (Thermo
Fisher Scientific, Rockford, IL). Chemiluminescent signals were detected by ImageQuant
LAS 4000 Biomolecular Imager (GE Healthcare) equipped with a cooled CCD camera.
Quantification of the protein band density was carried out using the software program
ImageJ. Detection of reactive oxygen species (ROS): Superoxide was detected in vitro with
the Diogenes Cellular Luminescence Enhancement System according to the manufacturer’s
instructions. Briefly, the Diogenes reagent was added to live astrocytes cultured in DPBS
with calcium, sodium pyruvate, and glucose, and the intensity of luminescence was
quantified with a Lumistar Optima luminometer. For baseline recordings,
chemiluminescence was measured every 5 seconds for 2 minutes/sample. To measure the
enzymatic activity of PHOX, we applied phorbol myristate acetate (PMA) to astrocytes in
culture. Astrocytes were treated with PMA (1ug/ml, Sigma) for twenty minutes, and the
intensity of the chemiluminescence was quantified every 5 seconds for 2 minutes/sample.
The average chemiluminescent output was recorded every six minutes. Superoxide
dismutase (10U/ml) was added to the cells to quench extracellular superoxide production.
ROS were detected in vivo by dihydroethidium (DHE). Unfixed retinas were mounted in
OCT medium and frozen on dry ice. Then 20 µm frozen cryostat sections were cut, washed
with PBS, and incubated at 37°C for 15 minutes in DHE (5ug/ml) with or without apocynin
(100µM). Sections were immediately examined by confocal microscopy using a 488
excitation wavelength to detect 2-OH-ethidium-specific fluorescence.

Statistical analysis
Statistical analysis was performed by one-way ANOVA followed by Tukey test for multiple
comparisons. In single comparisons, the Student’s t test was used. P values equal to or less
than 0.05 were considered statistically significant.

Results
aNF-κB induces oxidative stress in the ganglion cell layer after IR injury

Previously we have shown that suppression of aNF-κB promotes the survival of ganglion
cell layer neurons after IR injury and this protection was correlated with a decrease in
oxidative stress of the entire retina (Dvoriantchikova et al 2009). To evaluate whether aNF-
κB can facilitate oxidative stress in the retina in vivo, we compared ROS accumulation 24
hours after retinal IR by probing unfixed retinal sections with dihydroethidium (DHE). Upon
oxidation to 2-hydroxy-ethidium (2-OH-Et), this dye binds to DNA and exhibits excitation
and emission wavelengths distinct from DHE, which are captured by confocal microscopy.
Our analysis showed that WT but not TG retinas displayed enhanced fluorescence intensity
of the oxidized 2-OH-Et indicator dye 24 hours after reperfusion (Suppl. Fig. S3). To control
the specificity of the fluorescent signal, we applied the NADPH oxidase inhibitor apocynin
directly to frozen retinal sections prior to measurements, which resulted in abrogated 2-OH-
Et fluorescence. Next, we determined whether enhanced ROS production correlated with
aNF-κB activity and oxidative stress in the ganglion cell layer (GCL). We assayed neurons
in the GCL for oxidative stress by probing for DNA and RNA damage 72 hours after IR
injury using anti-8-OH-guanosine antibodies. The analysis using direct counting of double-
labeled NeuN/8-OH-guanosine positive cells at the center, middle and periphery of the
retina revealed significantly greater numbers of damaged neurons in WT relative to TG
retinas (Figs. 1A and B). These data indicate that genetic suppression of aNF-κB has
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decreased DNA/RNA damage in retinas exposed to IR injury. Combined, these results imply
that the activity of aNF-κB is involved in the regulation of ROS production by NADPH
oxidase and contributes to post-IR oxidative damage to retinal neuronsin vivo.

aNF-κB facilitates RGC death by activation of neuronal PHOX
Our analysis of the neurotoxic effects of aNF-κB on retinal neurons allowed us to
hypothesize that astrocytes could facilitate endogenous PHOX-mediated oxidative stress in
RGCs. We tested whether OGD-challenged astrocytes affect RGC survival and increase
neuronal ROS production in controlled in vitro conditions. First, we assayed RGC survival
in astrocyte-neuron co-cultures in which purified RGCs were plated directly on an astrocyte
monolayer. The number of activated caspase-3/NeuN positive RGCs were counted 24 hours
after OGD challenge. We utilized an antibody that specifically recognizes the cleaved,
active form of caspase-3, but has no affinity to the inactive pro-enzyme. We observed an
approximately 2-fold increase in the rate of cell death in RGCs co-cultured with WT vs. TG
astrocytes (Fig. 2A and Suppl. Fig. S4A). Next, to test whether neuronal PHOX activity
plays a role in the astrocytes-induced RGC loss, we quantified cell death rates in OGD-
challenged RGC-astrocyte co-cultures with and without pharmacological blockade of
NADPH oxidase. The application of the NADPH oxidase inhibitors diphenylene iodonium
chloride (DPI) or apocynin significantly reduced RGC death in these co-cultures (Figure 2B
and Suppl. Fig. S4B). Similarly, we found that in co-cultures with RGCs lacking functional
PHOX due to a spontaneous mutation of p47PHOX (p47null) subunit, these neurons were
significantly protected from OGD-induced apoptosis (Fig. 2C). Finally, we tested whether
OGD-treated astrocytes can facilitate PHOX-dependent RGC death without direct contact,
i.e. through the release of soluble factors into the environment. Astrocyte-conditioned media
(ACM) from cells exposed to OGD for four hours (OGD ACM) was used to treat primary
RGC cultures, control RGCs were treated with ACM collected from normoxia treated
astrocytes (control ACM). We counted the number of PI/Hoechst positive and Annexin V/
Hoechst positive RGCs to determine dead and apoptotic cells respectively. The treatment
with OGD ACM but not control ACM caused an increase in the rate of WT RGC death
observed at six hours of exposure (Fig. 2D and Suppl. Fig. S5). p47null RGCs showed no
increase above the baseline rate of cell death with the same treatment. These findings
confirmed our hypothesis that OGD-challenged astrocytes release soluble factors that
facilitate RGC loss through the induction of neuronal PHOX.

p47PHOXis transcriptionally activated after OGD
Our previous (Dvoriantchikova et al 2009) and current findings demonstrate a relationship
between NF-κB, NADPH oxidase and oxidative stress in retinal IR injury. Furthermore,
earlier studies have shown PHOX subunits to be regulated by NF-κB mediated transcription
in other cell types (Anrather et al 2006; Gauss et al 2007). To test the hypothesis that NF-κB
regulates the transcription of PHOX genes in ischemia, we first examined whether the
PHOX genes p47PHOX and gp91PHOX were induced after OGD in primary cortical
astrocytes. We challenged astrocytes for 4 hours by OGD, and collected RNA 6, 9 and 12
hours after the return to normoxic growth medium with glucose. Quantitative RT-PCR
(qPCR) analysis of RNA from astrocytes subjected to OGD showed a time-dependent
increase in expression of the p47PHOX and gp91PHOX genes, which significantly increased at
12 hours post-OGD (Figs. 3A, B). We further utilized this time point to distinguish whether
the increase in p47PHOX transcript abundance was due to higher stability or elevated
transcriptional activity. We treated cells with the transcriptional inhibitor actinomycin D
(5µg/ml) at 12 hours after OGD, and extracted RNA thirty, sixty and one hundred twenty
minutes after the treatment. The expression of p47PHOX was decreased to approximately
fifty percent 30 minutes after the actinomycin D treatment and remained at this level for the
duration of the experiment (Fig. 3C). The addition of the protein synthesis inhibitor
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cycloheximide (5µg/ml), which is also known to block degradation of some mRNAs,
stabilized p47PHOX transcripts (Fig. 3C). To further assess the regulation of p47PHOX we
analyzed the transcript levels 12 hours after OGD challenge in the presence or absence of
cycloheximide. Indeed, we observed a dramatic 5-fold increase in p47PHOX transcripts in
post-OGD astrocyte cultures pre-treated with cycloheximide (Fig. 3D). Control cultures,
treated with cycloheximide in normoxia, showed p47PHOX transcript levels similar to that
observed in the vehicle-treated cells. Taken together, these data indicate that PHOX is
transcriptionally regulated in astrocytes challenged by OGD.

NF-κB regulates homeostatic levels of PHOX in primary astrocytes
We next asked whether aNF-κB regulates PHOX transcription after OGD. First, we tested
whether up-regulation of p47PHOX and gp91PHOX was NF-κB dependent. We challenged
WT and TG astrocytes by OGD and analyzed gene expression by qPCR 12 hours after
return to normoxia. Similar to the results of prior experiments, WT astrocytes showed a
marked increase in transcript levels of both p47PHOX and gp91PHOX, but upregulation of
both gp91PHOX and p47PHOX was blocked in TG astrocytes (Fig. 4A). To determine
whether these increases in transcripts correlated with levels of PHOX proteins, we analyzed
cell extracts from astrocyte cultures for p47PHOX and gp91PHOX by quantitative Western
blotting (Fig. 4B). Contrary to our expectations, there was no change in total p47PHOX or
gp91PHOX protein levels within 24 hours after OGD in either WT or TG astrocytes.
However, we detected significant differences in the levels of gp91PHOX and p47PHOX

proteins in TG vs. WT astrocytes (Figs. 4B, C; n=3, p<0.01). Furthermore, using
immunohistochemistry in fixed retinal slices, we found that increased p47PHOX-specific
immunostaining co-localized with GFAP positive astrocytes in WT but not in TG retinas
(Suppl. Fig. S6).

These findings prompted us to compare untreated wild type (WT) and TG astrocytes for
basal levels of PHOX subunit gene expression. We found that TG astrocytes express
significantly lower basal levels of p22PHOX and p40PHOX and similar levels of gp91PHOX,
p47PHOX and p67PHOX transcripts relative to WT (Fig. 4D). These data suggest that NF-κB
activity constitutively regulates PHOX protein levels in astrocytes.

ROS production by PHOX is regulated by aNF-κB
To test whether differences in PHOX protein levels between WT and TG astrocytes
corresponded to increased PHOX activity, as measured by superoxide production, we
assayed astrocytes by Diogenes luminescence 24 hours after OGD challenge. WT astrocytes
exhibited a significantly greater induction in superoxide production by OGD relative to TG
astrocytes (Fig. 5A).

Using a siRNA-mediated knockdown approach, we tested whether PHOX, and not other
enzymes, was the source of increased ROS after OGD. We transfected astrocytes with either
scrambled control RNA or siRNA specifically targeting p47PHOX. The siRNA –induced
knock down of p47PHOX was confirmed at the protein level by western blot 48 hours post
transfection with 100nm p47PHOX siRNA (Fig. 5B). The level of ROS production decreased
significantly after OGD in p47PHOX siRNA treated cells, but not in cells transfected with
control RNA (Fig. 5C). These data imply that the majority of extracellular ROS in astrocytes
is produced by PHOX.

Both resting and OGD treated astrocytes displayed low levels of extracellular ROS
production. To further evaluate enzymatic activity of PHOX in astrocytes we therefore
applied a potent PHOX activator, the diacylglycerol analogue PMA (Abramov et al 2005).
We added PMA to both untreated and OGD challenged astrocytes and assayed ROS
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production after 20 minutes of exposure using Diogenes reagent. To show specificity for
superoxide, superoxide dismutase (SOD) was added to cultures to quench
chemiluminescence. Both TG and WT cells showed a two fold increase in ROS production
after OGD treatment. However, as compared to TG cells, WT cells exhibited approximately
ten-fold greater output of ROS after PMA stimulation. These data imply that differences
between genotypes in gross production of ROS are consistent with differences in basal
levels of PHOX protein expression, rather than with the degree of induction by OGD.
Furthermore, relative increases in ROS production in WT and TG cells 24 hours after OGD
challenge suggest that the increase in ROS production following OGD is independent of NF-
κB (Figs. 5A and D).

PHOX assembly and activation requires p47PHOX phosphorylation (Raad et al 2009). To test
whether levels of p47PHOX protein phosphorylation change after OGD treatment, we
analyzed cell lysates by Western blot with antibodies specific to phospho-p47PHOX protein.
We did not detect a significant difference in phospho-p47PHOX levels between cells with or
without PMA stimulation at 24 hours after OGD (Fig. 5F). Our data indicated that p47PHOX

was already phosphorylated in untreated cells and the phosphorylation levels did not change
after OGD. These results suggest that NF-κB regulates PHOX activity at homeostatic levels
and this is crucial for the rate of ROS output in astrocytes. The post-ischemic increase of
ROS production by this enzyme, however, is regulated independently of NF-κB.

Finally, we tested whether astrocyte survival was influenced by NF-κB suppression because
astrocyte demise was shown to pose an additional challenge to the injured CNS (Zhao and
Rempe 2010). We analyzed percentages of apoptotic and dead astrocytes in WT and TG
cultures detected by PI and AnnexinV staining 24 hours after OGD challenge. The rate of
OGD-induced cell death was significantly higher in cultures of WT (31±9%) compared to
TG (6±3%) astrocytes (Figs. 6A,B). Apoptotic cells were relatively scarce in both cultures.
Significantly, the cell death rate in OGD-challenged WT cultures was reduced by treatment
with the NADPH oxidase inhibitor DPI (Fig. 6C). The demise of astrocytes following OGD
is, therefore, facilitated by aNF-κB and, at least partially, through the activation NADPH
oxidase.

Discussion
In this study we obtained experimental evidence for the crucial role of aNF-κB in the
regulation of PHOX activity and cell death. In turn, the activity of PHOX proved to be a
major contributor to oxidative stress, DNA/RNA damage and neuronal death in the two
models of neuronal IR injury. The GFAP-IκB-dn mouse line with genetically suppressed
astroglial NF-κB activation allowed us to attribute the neurotoxicity data generated in
ischemic conditions specifically to the activity of astroglial NF-κB. In contrast to other
strategies aiming to achieve genetic suppression of NF-κB, such as the p50 subunit
deficiency associated with immunological deficits, autoimmunity and degenerative disease
(Lu et al 2006; Takahashi et al 2007), GFAP-IκB-dn mice possess no detectable phenotype
in physiological conditions at all ages examined. Our previous results (Brambilla et al 2009;
Dvoriantchikova et al 2009) and data from other studies (Brambilla et al 2005; Saijo et al
2009) have provided strong evidence for a causative relationship between aNF-κB activity,
inflammation, and neuronal injury in different CNS injury models.

It is known that NF-κB functions can vary considerably depending on the cell type, but
multiple studies in the ischemic CNS have shown that NF-κB activation is neurotoxic
(Duckworth et al 2006; Li et al 2008; Schneider et al 1999). Our data obtained in this study
suggest that, at least in part, this effect is due to the NF-κB-induced increase in PHOX
activity. We have previously shown that aNF-κB facilitates neuronal loss in the retinal
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ganglion cell layer after IR (Dvoriantchikova et al 2009). The analysis of in vitro caspase-3
activation and AnnexinV labeling data generated here showed that astrocytes require
activation of NF-κB in order to facilitate RGC death in co-cultures. This is significant
because apoptosis occurs secondary to injury and thus the suppression of NF-κB likely
blocked critical signals triggering RGC death in culture. Another evidence of a noxious
effect of aNF-kB-dependent glia-neuron signaling event(s) is that such toxicity was
observed either with or without direct glia-neuron contact. Furthermore, our data showed
that conditioned media from OGD challenged astrocytes facilitated RGC death through
activation of PHOX. Both pharmacological NADPH oxidase inhibitors and genetic blockade
of p47PHOX subunit protected RGCs in co-cultures with astrocytes exposed to OGD
challenge. We, therefore, suggested a model where activation of aNF-κB modulates the
release of factor(s) that facilitate RGC death in a non-cell-autonomous fashion, through
activation of neuronal PHOX. Our experiments demonstrating reduced oxidative stress in
GCL and ROS production throughout the retina in TG vs. WT mice support this model.
Thus, we found that ganglion layer neurons of the central retina were particularly
susceptible to IR-induced DNA/RNA damage, which was blocked by suppressing aNF-κB.
One possible explanation of such “geographic” degeneration is a greater density of
astrocytes in this region of the retina and a higher cumulative impact via facilitating
activation of neuronal PHOX and subsequent oxidative stress. Indeed, it has been shown that
injuries incurred by ischemia or elevated intraocular pressure in the retina induce the release
of several PHOX activating compounds, including glutamate analogues, necrotic factors and
ATP, which accumulate in the extracellular space in ischemic or pressure induced retinal
injuries (Brennan et al 2009; Kampfrath et al 2011; Liu et al 2006; Moore and MacKenzie
2009; Reigada et al 2008). Additional factor contributing to a differential impact in the
central vs. peripheral retina could be a longer time needed to deplete oxygen and ATP below
levels critical for the survival at the periphery, where neuronal density is lower.

We found that astrocyte cultures with impaired canonical NF-κB signaling were
significantly protected from OGD in vitro, which also correlated with a reduction in PHOX
activity. Similar results were reported by Lee and co-authors following OGD in astrocytes
with siRNA knockdown of the p50 NF-κB subunit (Lee et al 2006). It stands to reason that
NF-κB -regulated basal PHOX protein levels is essential to the potency of PHOX-mediated
ROS production causing oxidative stress and cell death of astrocytes after OGD. However,
chemical inhibition of PHOX in our experiments did not result in near-complete rescue of
astrocytes as we observed in TG cell cultures. It is likely that cell death in astrocytes is
mediated by several pathways downstream of NF-κB. Furthermore, these results raise the
possibility that reduced astrocyte cell death rate or lower levels of PHOX activating ligands
in TG animals are responsible for attenuated PHOX activation in RGCs. Further studies are
required to define the nature of astrocyte-neuron signaling implicated in neuronal PHOX
activation.

It has been established that PHOX is a NF-κB-regulated complex in phagocytes (Anrather et
al 2006). In agreement with this model, we detected that transcription of PHOX genes after
OGD is NF-κB-dependent in astrocytes. However, chronic suppression of NF-κB activity in
TG astrocytes resulted in significantly decreased basal levels of two PHOX-encoding genes,
p40PHOX and p22PHOX, and PHOX proteins. These results provide a plausible explanation
for constitutively lowered levels of PHOX proteins in TG vs. WT cells and retinas.
Consistent with our findings, it was recently demonstrated that suppression of Akt/NF-κB
signaling reduced levels of p22PHOX in pancreatic cancer cell lines (Edderkaoui et al).
Furthermore, insufficiency of the p22PHOX subunit causes degradation of gp91PHOX, since
stability of gp91PHOX is dependent on the formation of a heterodimer with its partner
p22PHOX (DeLeo et al 2000; Maly et al 1993; Yu et al 1997). It is therefore reasonable to
suggest that NF-κB regulates homeostatic levels of PHOX proteins and has a critical
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functional role before ischemic injury ensues. Thus, activation of PHOX, without increases
in protein levels, in IR and OGD conditions should result in greater ROS production and
oxidative injury in WT relative to TG animals. This is exactly what we observed in our
current experiments and in previous studies in the retinal IR model (Dvoriantchikova et al
2009).

Counter to our expectations, we found that OGD had no effect on the levels of total PHOX
proteins within 24 hours after exposure. One possibility for the lack of a corresponding
increase in PHOX proteins could be a limited availability of heme, which is required for
gp91 biosynthesis (Yu et al 1997). Following OGD, a depletion of the available heme pool
that interferes with gp91 biosynthesis in astrocytes could occur due to strong upregulation of
the antioxidant enzyme, heme oxygenase-1 (HO-1), which cleaves heme to generate
biliverdin (Imuta et al 2007). Indeed, an over-expression of HO-1 was shown to result in
reduced gp91 protein abundance in macrophages (Taille et al 2004). Thus, the competition
for heme between HO-1 and PHOX could prevent the accumulation of PHOX proteins in
astrocytes despite transcriptional upregulation.

Our data showed that the 2-fold increase in PHOX-mediated ROS production in astrocytes
challenged by OGD was independent of both transcriptional regulation by NF-κB and
PHOX protein abundance. It is known, that enzymatic activity of PHOX can be regulated by
several factors, including phosphorylation status, intracellular Ca2+ and protein kinase C
beta (PKCβ) activity. Our results discounted the role of phosphorylation, since the levels of
the phospho-p47PHOX subunit remained unchanged after PMA treatment. These data are
consistent with the results published by Abramov et al. (Abramov et al 2005), who reported
that in astroglia PHOX is preassembled into active complexes and does not require
additional phosphorylation. Therefore, enhanced PKCβ activity or calcium influx after OGD
are more likely to facilitate NF-κB independent regulation of PHOX activity in astrocytes,
because both are increased by PMA stimulation.

In conclusion, we found that aNF-κB is a critical regulator of PHOX-induced oxidative
stress in retinal IR injury. The suppression of aNF-κB rescued primary astrocytes and
neurons from OGD induced death in vitro and suppressed IR-induced ROS production in the
entire retina in vivo. We found that, aNF-κB regulation of PHOX activity is twofold in that
1) aNF-κB facilitates PHOX activity by transcriptional regulation of homeostatic PHOX
levels in astrocytes and 2) the activation of aNF-kB following IR injury activates neuronal
PHOX through the release of soluble factors into the extracellular space. Intriguingly,
chronic inhibition of aNF-κB suppressed PHOX protein expression in naive cells and
retinas; suggesting that aNF-κB plays a critical role before IR injury occurs. This study
provides new insights on the deleterious role that astrocytes play in ischemic retinal injury.
Our results strongly suggest that NF-κB and downstream pathways in astroglia are valid
targets for neuroprotective interventions in retinal ischemia.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abreviations used in text

ACM astrocyte conditioned media

PHOX phagocyte NADPH oxidase

GCL ganglion cell layer
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TG Transgenic

WT wild type

OGD oxygen glucose deprivation

RGC retinal ganglion cell

IR ischemia-reperfusion

ROS reactive oxygen species

CNS central nervous system

NF-κB nuclear factor-kappaB

DHE dihydroethidium

2-OH-ET 2-hydroxy-ethidium

DPI diphenyline iodonium chloride

PMA phorbol-myristate acetate

HO-1 heme oxygenase-1
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Figure 1. Inhibition of astroglial NF-κB reduces oxidative stress following retinal IR injury
(A) Representative images showing DNA/RNA damage localizing to NeuN-positive cells
detected by 8-OH-guanosine (red) immunofluoresent labeling. Double-labeled cells are
abundant in the GCL of the central retina 3 days after IR injury. Scale bar, 100 mm (B)
Quantification of DNA/RNA damage; total counts of 8-OH-guanosine/NeuN/Hoechst-
positive cells were averaged from the sum of 4 standard fields in each retinal region. Values
are means ± SEM, n=6; *p<0.05.
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Figure 2. Inhibition of aNF-κB promotes survival of retinal ganglion cells in vitro after OGD
(A–C) Quantification of active caspase-3 positive RGCs in co-culture with astrocytes 24
hours after OGD challenge (OGD) vs. normoxic controls (Control) performed by confocal
microscopy. The total quantities of NeuN or beta-III tubulin/Hoechst positive RGCs
observed in 5 randomly selected fields of each experimental plate are compared. Values are
means ± SEM, n=5; *p<0.05. (A) Activated caspase-3 positive RGCs in co-culture with WT
and TG astrocytes; (B) Activated caspase-3 positive WT RGC in co-cultures with astrocytes
treated with the NADPH oxidase inhibitors DPI (1µM) or apocynin (100µM); (C) Activated
caspase-3 positive RGCs in co-cultures of WT astrocytes with WT or p47null RGCs (D) Cell
death rates in WT and p47null RGCs challenged by astrocyte-conditioned media (ACM)
from primary astrocytes subjected to OGD challenge (OGD ACM) or from normoxic
control astrocytes (Control ACM). The percentages of dead (PI/Hoechst positive) and
apoptotic (Annexin V/Hoechst positive) RGCs in ACM-treated cultures were calculated
relative to total quantities of Hoechst positive cell in 5 randomly selected fields. Values are
means ± SEM, n=5; *p<0.05.
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Figure 3. Transcriptional regulation of NADPH oxidase following OGD in primary astrocytes
(A–B) Gene expression analysis of the p47PHOX and gp91PHOX genes 6, 9 and 12 hours
after OGD challenge. Changes were calculated as percentages of untreated control (Control)
value. (C) Analysis of p47PHOXmRNA decay in actinomysin D (5µg/ml) treated cells with
or without cycloheximide (5µg/ml) 12 hours after OGD treatment. (D) Relative abundance
of p47PHOX transcript levels in astrocytes treated with vehicle or cycloheximide (5µg/ml).
Gene expression levels were normalized to β-actin. Values are means ± SEM, n=4 and
*p<0.05.
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Figure 4. Regulation of homeostatic levels of PHOX is NF-κB dependent
(A) Gene expression analysis of gp91PHOX and p47PHOX transcripts 12 hours after OGD.
Changes were calculated as percentages of untreated WT control (Control) values (n=5,
*p<0.05). (B) Time course analysis of gp91PHOXand p47PHOXprotein levels after OGD by
quantitative western blot. (C) Quantification of the data shown in (B): the gp91PHOX and
p47PHOX band intensities were normalized to β-actin (n=3, *p<0.05). (D) Relative
expression levels of genes encoding PHOX subunit in untreated WT and TG astrocytes
(n=5; p<0.01).
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Figure 5. ROS production by PHOX in astrocytes is regulated by NF-κB
(A) WT and TG astrocytes were assayed for superoxide production by Diogenes
luminescence in control cultures and 24 hours after OGD challenge (OGD) (RLU = relative
light units; n=5, p<0.05). (B) Transfection of p47PHOX siRNA reduces p47PHOX protein
levels. Cell lysates were analyzed by western blot 24 hours post-transfection. (C) ROS
production in live astrocytes was detected by Diogenes chemiluminescence 24 hours
following OGD in non-targeting control siRNA (control) and p47PHOXsiRNA transfected
cells. Astrocytes were transfected with siRNA 24 hours prior to OGD treatment. (n=5,
*p<0.01). (D) Analysis of ROS production in WT and TG astrocytes 20 minutes after
addition of PMA (1ng/ml) in control cultures and 24 hours after OGD (n=5, *p<0.01). (E)
Representative recordings of ROS production from (D) in WT vs TG cells.
Chemiluminesence was quenched by the addition of SOD (20U/ml). (F) Analysis of
p47PHOX phosphorylation status by western blot in primary astrocyte extracts. OGD
challenged and control astrocytes were treated with DMSO vehicle or PMA (1ng/ml) for 20
minutes prior to cell lysis.
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Figure 6. The effects of NF-κB and PHOX suppression on OGD-induced cell death in primary
astrocytes
(A–B) Cell death rates in cultures determined by quantification of cells with PI (red) and
AnnexinV (green) labeling 24 hours after OGD (n=3, *p<0.05). (B) Representative images
from experiment A showing abundant dead (PI-positive or PI/AnnexinV-positive) cells in
WT but not in TG cultures; Hoechst dye (blue) labels nuclei for total cell counts. (C) Cell
death rates (% of PI- positive among Hoechst- positive) cells in vehicle-treated control and
1µM DPI-treated astrocytes cultures 24 hours after OGD (n=4, *p<0.05). Scale bar 50µm.
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